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Abstract 

This  paper  will  review  a  eurrent  researeh  and 
development  effort  aimed  at  developing  a  small  form 
faetor  eylindrieal  PZT  Ferro  Eleetrie  Generator  (FEG). 
Two  options  will  be  diseussed  -  shaping  the  PZT  erystal 
into  a  eonie  seetion  and  shaping  the  aeoustie  pulse  from 
the  explosive  wave  train,  both  teehniques  will  be 
diseussed  in  terms  of  ease  of  implementation,  fabrieation 
and  performanee  aehieved.  We  will  also  diseuss  eorona 
indueed  failure  in  FEG  deviees  and  methods  to  mitigate 
this  effeet.  Representative  data  will  be  presented  for  FEG 
deviees  made  from  EC-64  and  95/5  PZT  for  both 
geometries.  Sealing  relations  will  be  presented  and 
diseussed  in  terms  of  physieal  dimensions  and  materials. 

I.  INTRODUCTION 

The  generation  of  eleetrieal  pulses  due  to  pressure 
indueed  effeets  in  PZT  materials  has  been  studied  for 
several  deeades.  Mueh  of  this  work  has  foeused  on 
geometries  sueh  as  bars  and  disks  that  have  been 
impulsively  loaded  by  a  variety  of  sourees  ineluding  light 
gas  guns,  various  meehanieal  eompression  teehniques, 
and  with  explosives.  The  varieties  of  geometries  and 
pressurization  methods  produeed  a  large  data  base  that 
laid  the  foundation  for  the  eurrent  generation  of 
ferroeleetrie  generator  (FEG)  teehnology  (1,2,3,4,5). 
Reeently  improvements  in  PZT  mixtures  and  produetion 
teehniques  have  led  to  the  availability  of  a  high  energy 
eompound  95-5  that  was  used  as  a  material  for  this  work 
(2).  This  work  deseribes  a  departure  from  the  bar  and 
disk  geometries  of  past  work  to  FEG  pulse  generators 
based  on  eylindrieal/eonieal  struetures.  Cylindrieal  or 
eonieal  struetures  offer  favorable  sealing  sinee  the  surfaee 
area  and  volume  of  the  material  seale  with  the  radius 
squared  and  height  of  the  strueture  and  with  suitable  wave 
shaping,  allows  large  areas  and  volumes  to  be  utilized  in 
the  FEG.  With  the  addition  of  pressure  wave  shaping, 
these  geometrieal  struetures  minimize  the  amount  of 
explosive  needed  for  exeitation. 

In  our  laboratory,  we  have  developed  these  teehniques 
to  a  reliable,  simple  pulse  generator  eapable  of  produeing 
large  eleetrieal  pulses  in  a  small  eompaet  geometry. 


II.  EXPERIMENTAL 

The  final  designs  for  the  eylindrieal  FEG  pulse 
generator  involved  an  evolutionary  proeess  and  a  series  of 
experiments  to  determine  best  praetiees.  Inherent  in  the 
idea  is  the  faet  that  the  pressure  wave  expanding  from  the 
detonation  of  a  linear  “rope”  explosive  eharge  has 
eylindrieal  symmetry  and  evolves  into  a  uniform 
expanding  eonieal  pressure  wave  as  the  explosive 
detonates  along  its  length.  Previous  researeh  efforts  with 
FEG’s  show  that  it  is  desirable  to  plaee  the  surfaee  of  the 
PZT  material  under  pressure  simultaneously  (1).  Two 
options  exist  for  aeeomplishing  this.  The  first  is  to  shape 
the  PZT  element  into  a  eonie  seetion  with  the  eone  angle 
determined  by  the  detonation  properties  of  the  explosive 
and  seeond  is  to  shape  the  explosive  eharge  to  produee  a 
planar  expanding  wave  front  while  maintaining  a 
eylindrieal/ring  shape  for  the  PZT.  We  investigated  both 
these  teehniques  in  this  work. 

A.  Initial  Experiments  with  Cylindrical  Samples 

The  first  series  of  experiments  were  aimed  at  testing  the 
potting  proeess  and  to  determine  if  there  were  any  issues 
with  eorona  at  the  PZT-metallization  interfaee.  The 
initial  deviees  were  built  using  off-the-shelf  readily 
available  EC -64  PZT  elements  as  shown  in  figure  1 . 


Explosive  Charge  Output 


Figure  1.  Photograph  of  initial  PZT  test  artiele.  The  PZT 
element  is  a  eylindrieal  shell  with  dimensions  of  44  mm 
OD,  38  mm  ID,  and  30  mm  high. 
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As  shown  in  figure  1,  the  explosive  eharge,  the 
eylindrieal  shell  PZT  and  output  tabs  were  potted  in  a 
eylindrieal  mold  using  a  elear  potting  eompound.  Sinee 
the  proeess  is  exothermie,  it  was  neeessary  to  develop  a 
proeess  to  eliminate  gas  bubbles  and  thermal  expansion 
effeets  in  the  potting  proeess.  Examination  of  the 
voltage -time  traees  showed  anomalies  that  were  not 
eonsistent  with  past  experiments  as  deseribed  in 
referenees  1-5.  For  all  our  testing,  we  used  C-4 
explosives.  There  were  two  possible  reasons  for  the 
anomalies.  First,  as  the  detonation  of  the  explosive 
eharge  proeeeds,  the  pressure  wave  progresses  through 
the  potting  eompound  at  an  angle  determined  by  the 
pressure  wave  veloeity  in  the  potting  eompound  and  the 
detonation  veloeity  of  the  explosive.  As  a  result,  the 
pressure  wave  does  not  arrive  planar  to  the  erystal  surfaee 
and  it  is  possible  that  the  pressure  pulse  has  transited  part 
of  the  erystal  while  the  far  end  has  yet  to  see  the  pressure 
pulse.  Seeond,  it  is  possible  that  there  is  eorona  around 
the  metallization-potting  eompound  interfaee  that 
influenees  the  magnitude  of  the  voltage  generated.  A 
high  speed  framing  eamera  was  used  to  observe  the 
proeess  as  shown  in  figure  2. 


-^-i  „ _ High  speed 

Framing  Camera 


Figure  2.  Diagram  of  experiment  to  observe  FEG  pulse 
generators  shown  in  figure  1 

The  eleetrieal  diagnostie  and  the  eamera  frame  rate 
were  eorrelated  so  that  optieal  phenomena  eould  be 
direetly  related  with  the  measured  voltage-  time  traee. 
This  work  was  done  at  the  University  of  Alabama 
Hyperveloeity  Impaet  Faeility  in  Huntsville,  AF.  Figure 
3a  shows  a  typieal  voltage-time  traee  with  anomalies. 
Superimposed  on  the  traee  and  synehronized  with  it,  is  the 
trigger  signals  sent  to  the  framing  eamera.  Note  that 
figure  3b  shows  typieal  eorona  at  the  metallization- 
potting  eompound  interfaee.  The  eorona  shown  is  typieal 
and  observed  in  all  initial  experiments. 


(b) 


Figure  3.  (a)  voltage-time  traee  from  a  typieal  deviee 
shown  in  figure  1.  Note  superposition  of  eamera  trigger 
signals,  (b)  Photo  of  FEG  showing  massive  eorona  on 
both  ends  of  the  metallization. 

Prior  to  further  experimentation,  ehanges  in  the  potting 
and  euring  proeess  were  implemented  that  praetieally 
eliminated  any  bubble  formation  within  the  potting 
eompound  and  in  subsequent  experiments,  we  were  able 
to  eompletely  suppress  the  eorona  by  painting  the 
metallization  with  a  eorona  suppressing  paint  prior  to 
potting.  As  a  result,  reliable  and  repeatable  performanee 
was  aehieved  in  these  preliminary  experiments. 

B.  Characterization  of  Expanding  Pressure  Wave 

Using  the  experimental  set-up  shown  in  figure  2,  test 
bloeks  of  the  potting  eompound  eontaining  the  explosive 
eharge  were  fabrieated  for  testing  in  the  same  faeility. 
Figure  4a  is  a  “still”  baek  lighted  photograph,  showing  the 
geometrie  arrangement  of  all  elements  and  the  1  em  grid 
etehed  into  the  baekside  of  the  bloek. 
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(a)  (b) 


Figure  4.  Photographs  from  the  experiments  to  determine 
the  eharaeteri sties  of  the  expanding  pressure  pulse  from 
the  linear  explosive  eharge.  (a)  still  photo  showing 
elements,  (b)  same  sample  after  detonation  at  left  end. 
Note  that  detonation  has  progressed  about  half  way  down 
the  sample. 

In  figure  4b,  note  that  the  expanding  shoek/pressure 
pulse  is  elearly  visible  due  to  the  pressure  indueed 
ehanges  in  the  optieal  properties  of  the  potting  eompound. 
The  measured  eone  half-angle  is  about  22  degrees  for  this 
explosive  and  potting  eompound. 

Examination  of  figure  4  leads  to  the  eonelusion  that  a 
eonieal  explosive  eharge  with  the  same  half-angle  will 
produee  a  planar  expanding  pressure  pulse  at  the  interfaee 
between  the  potting  eompound  and  the  PZT.  Figure  5 
shows  that  experiment. 


(a)  (b) 

Figure  5.  Photographs  from  the  experiments  to  determine 
the  eharaeteri  sties  of  the  expanding  pressure  pulse  from 
the  linear  explosive  eharge.  (a)  still  photo  showing 
elements  with  eonie  explosive  eharge.  (b)  same  sample 
after  detonation  at  left  end.  Note  planar  pressure  front  at 
right. 

Clearly,  the  experimenter  has  the  option  of  shaping  the 
PZT  erystal  into  a  eonie  seetion  or  shaping  the  explosive 
to  produee  a  planar  front  at  a  eylindrieal  shell  PZT 
erystal.  In  both  geometries,  the  pressure  pulse  from  the 
explosive  would  strike  the  inside  surfaee  of  PZT  as  a 
planar  front. 

With  the  data  obtained  from  this  testing  and  shoek 
modeling,  we  designed  and  built  a  next  generation  of 
optimized  EEC’s  that  are  easy  to  eonstruet,  robust  and 
inexpensive. 


III.  FEG  DESIGN  AND  TESTING 

A.  FEG  Design  Considerations 

Based  on  the  experiments  designed  to  determine  the 
eharaeteristies  of  the  expanding  pressure  wave  from  linear 
explosive  eharges,  two  possible  eoneepts  emerged  to 
develop  explosive-on-axis  EEC’s.  These  eoneepts  are 
shown  in  figure  6.  Figure  6a  shows  a  eonie  PZT  element 
with  linear  explosive  eharge  and  figure  6b  shows  a  similar 
arrangement  with  eonie  explosive  eharge  and  linear 
eylindrieal  shell  PZT  element.  Both  geometries  in 
prineiple  eould  be  poled  with  the  polarization  veetor 
either  parallel  or  perpendieular  to  the  axis  of  the  PZT 
element. 


(a)  (b) 


Figure  6.  Possible  eonfigurations  for  EEC’s  based  on 
pressure  wave  shaping,  (a)  eonie  seetion  EEC  with  linear 
explosive  eharge.  (b)  Cylindrieal  EEC  with  eonie  seetion 
explosive  eharge. 

Both  designs  require  a  speeifie  pressure  for  optimal 
operation.  Therefore  the  distanees  from  the  explosive  to 
ID  of  the  PZT  must  be  either  modeled  or  measured  to  fall 
into  an  optimum  range  of  2-3  CPa.  It  should  be  noted 
that  the  angles  and  spaeing’s  required  for  optimum 
operation  of  these  EEC  will  be  speeifie  to  potting 
material,  explosive,  and  PZT  type.  In  both  eases,  the  area 
and  volume  of  the  PZT  element  seales  favorably  with 
radius  and  height  allowing  easy  pressurization  of  large 
area  and  volume  samples.  In  the  eourse  of  optimization, 
we  built  and  tested  both  designs  in  open  eireuit  and  into 
eapaeitive  loads. 

Working  with  TRS  Teehnologies,  Ine.,  State  College, 
PA,  we  produeed  95-5  PZT  erystals  in  three  polarization 
geometries.  The  eonie  erystals  were  poled  with  the 
polarization  veetor  normal  to  the  inner  surfaee,  at  an  angle 
with  respeet  to  the  eone  angle.  For  the  eylindrieal  shell 
erystals,  polarization  veetors  parallel  to  the  shell  axis, 
designated  rings,  with  metallization  on  the  ends  of  the 
shell  and  as  eylinders  with  polarization  perpendieular  to 
the  shell  axis.  In  this  ease,  the  metallization  is  on  the 
inner  and  outer  surfaees  of  the  erystals.  All  designs  have 
been  tested. 

B.  Conic  FEG 

The  initial  testing  of  the  eonie  95-5  PZT  erystals  used 
the  eone  angle  determined  from  the  explosive 
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experiments  shown  in  figure  4.  These  efforts  were  only 
partially  sueeessful  due  to  sintering  and  poling  problems. 
As  a  result  of  a  development  effort  at  TRS,  we  reeeived  6 
units.  When  the  PZT  elements  were  made  into  FEG’s  and 
tested,  only  half  of  the  samples  produeed  any  measurable 
output  at  all.  The  other  three  while  produeing  measurable 
output,  produeed  only  a  fraetion  of  what  it  should  be. 
Consequently,  we  deeided  to  eoneentrate  instead  on  the 
development  of  eylindrieal  FEG’s  with  shaped  explosive 
power  train.  Figure  7  shows  the  results  from  the  eonie 
PZT  test.  We  are  uneertain  why  the  wave  shape  is 
asymmetrie  and  why  the  output  is  far  lower  than 
expeeted. 


C.  Cylindrical  FEG’s 

The  seeond  set  or  FEG’s  were  made  using  the  PZT 
eylindrieal  shells,  poled  as  either  eylinders  or  rings  as 
deseribed  above.  The  samples  were  48  mm  OD,  32  mm 
ID,  and  10  mm  high.  All  tests  were  eondueted  using 
eonie  explosive  eores  for  pressure  pulse  wave  shaping. 
FEG’s  poled  as  eylinders  fimetioned  quite  well  and 
produeed  voltage -time  waveforms  eonsistent  with  other 
published  results.  For  the  size  ehosen,  the  rise  time 
observed,  approximately  2  mieroseeonds,  eorrelated  with 
the  transit  time  of  the  pressure  pulse  through  the  PZT 
element.  Figure  8  shows  a  typieal  waveform. 


Figure  8.  Wave  traee  from  a  eylindrieal  FEG  test 
These  deviees  performed  at  approximately  75%  voltage 
level  when  eompared  to  the  PZT  deviees  poled  in  the 
“ring”  geometry  deseribed  below. 


The  final  eylindrieal  shell  geometry  FEG  design  is 
identieal  to  that  just  deseribed  exeept  the  polarization 
veetor  is  now  parallel  to  the  shell  axis  and  in  the  aeeepted 
nomenelature  is  in  the  “ring”  geometry.  The  measured 
performanee  of  these  FEG’s  is  exeellent  and  highly 
repeatable.  In  faet,  these  deviees  performed  the  best  of  all 
the  units  we  have  tested  to  date  and  now  eonstitute  our 
standard  for  future  development.  They  have  sub- 
mieroseeond  rise  times  and  the  highest  reeorded  voltages 
of  all  of  our  test  artieles.  Figure  9  shows  a  typieal  wave 
traee  from  one  of  our  experiments.  The  wave  shape,  rise 
time,  and  voltage  are  similar  to  95-5  data  demonstrated  by 
others  in  the  field  (2,  4). 


Figure  9.  Wave  traee  from  a  ring  FEG  test 

IV.  SCALING  RELATIONS  AND 
ENERGIES 


The  most  promising  aspeet  of  this  FEG  design  is  the 
inherent  ability  to  seale  to  large  sizes.  The  United  States 
Army  Spaee  and  Strategie  Missile  Defense  Command  faet 
sheet  for  high  energy  density  ferroeleetrie  eeramies  for 
explosive  pulsed  power  applieations  lists  aehievable 
speeifie  energy  from  these  generators  from  1.5-2. 5  J/ee 
depending  on  load  eonfiguration.(6)  If  we  piek  a  value 
mid  way  between  the  range  quoted  in  referenee  6  for 
illustration  purposes,  we  ean  get  some  idea  of  energy 
sealing  for  this  design  FEG.  Note  that  with  eylindrieal 
symmetry,  it  is  easy  to  plaee  large  areas  and  volumes  of 
material  under  pressure.  Figure  10  illustrates  the  sealing 
prineiples  that  would  be  applied  to  this  design. 
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Figure  10.  Sealing  data  for  eylindrieal  FEG’s. 
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The  bolded  first  line  is  the  eurrent  erystal  geometry  and 
the  energy  level  that  would  be  obtained  at  the  assumed 
energy  level  if  optimally  matehed  to  a  load.  Note  that  in 
the  line  the  erystal  has  been  enlarged  approximately 
20%  diametrieally  but  has  inereased  in  volume  by  100%. 

Inereasing  the  OD  of  the  erystals  provides  two  major 
benefits.  The  first  is  that  the  volume  is  inereasing  at  a  Ar^ 
rate  and  this  leads  to  large  inereases  in  volume  for  small 
inereases  in  diameter.  The  seeond  is  that  it  also  allows  for 
the  ID  to  be  inereased.  When  the  ID  is  inereased  it  allows 
for  a  taller  erystal  due  to  the  standoff  neeessary  for  the 
pressure  to  deerease  to  an  optimal  level.  Therefore  larger 
OD’s  allow  for  both  a  thieker  wall  in  addition  to  a  taller 
eylindrieal  FEG. 

Larger  erystals  have  minimal  impaet  on  the 
waveshaping  design.  Proper  eone  angle  and  standoff 
distanee  would  remain  the  same  assuming  no  potting  or 
explosive  material  ehanges.  Beeause  of  the  simple 
waveshaping  geometry  it  is  possible  to  seale  these 
systems  to  large  erystals  while  minimizing  the  amount  of 
explosive  used. 

V.  SUMMARY 

In  this  work,  we  have  developed  a  unique  FEG  pulsed 
power  unit  by  foeusing  on  teehniques  to  produee  highly 
eontrollable  pressure  pulses  from  explosives  to  unique 
PZT  erystals  shaped  to  enhanee  energy  output.  This 
effort  has  demonstrated  implementation  of  FEG  pulse 
power  units  in  both  eonieal  and  eylindrieal  geometry  with 
major  sueeess  in  the  eylindrieal  units.  The  designs 
produeed  are  simple,  reliable,  robust,  and  easy  to 
fabrieate.  The  teehnology  is  inherently  rugged  and  has 
the  ability  to  produee  large  amounts  of  energy  due  to 
large  volumes  of  material  that  ean  be  pressurized  using 
small  amounts  of  explosive  material.  While  we  have  not 
tested  to  the  energy  levels  suggested  in  figure  10,  it  seem 
likely  that  the  methods  presented  here  will  favorably  seale 
to  larger  geometries  and  make  possible  the  development 
of  FEG’ s  that  ean  produee  these  high  energy  levels. 
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